Several broad-scale climatic oscillations during the last deglaciation are well documented in regions around the North Atlantic Ocean. This paper reviews empirical evidence for these deglacial climatic oscillations from non-coastal North America and discusses implications for testing climatic simulations and for understanding the cause and transmittal mechanisms. Paleoclimatic interpretation of oxygen-isotope records from several small sites in the eastern Great Lakes region indicates a classic deglacial climatic sequence that is comparable with records from Europe and Greenland. The Ž . climatic events as interpreted from Crawford Lake oxygen isotopes include the Bølling-Allerød BOA warming at ; 12,700 14 C BP, a warm BOA at ; 12,500-10,920 14 C BP, an intra-Allerød cold period shortly before 11,000 14 C BP, a
Introduction
In the North Atlantic region, the large and abrupt climatic oscillations that characterized the last glaciation continued into the last deglacial period. These oscillations include quasi-periodic millennial-scale Ž . Ž Dansgaard-Oeschger D-O events ; 1500-year . spacing and related low-frequency Heinrich-Bond Ž cycles Dansgaard et al., 1993; Bond et al., 1993 Bond et al., , 1997 Bond and Lotti, 1995; Grootes and Stuiver, 1997; Mayewski et al., 1997; Alley, 1998; Alley and . Clark, 1999 . During the last glacial-interglacial transition, the most recent manifestation of these millennial-and century-scale climatic events was broadly experienced in both Europe and North Ž America e.g., Lotter et al., 1992; Levesque et al., 1993; Bjorck et al., 1996; Yu and Eicher, 1998; Von . Grafenstein et al., 1999 . These climatic events in-Ž clude the Bølling warming at 14,600 cal BP 12,700 14 . C BP and the gradual cooling trend toward the Ž . Younger Dryas YD climate reversal, which can be regarded as the last Bond cycle. During the general Ž . cooling trend of the Bølling-Allerød BOA warm period, several century-scale oscillations include the Ž . Older Dryas OD and the intra-Allerød cold period ŽIACP; also called Gerzensee or Killarney Oscilla-. tion . In the early Holocene, Preboreal Oscillation Ž . PB and 8200 cal BP cooling events have been Ž widely recognized in paleoclimatic records . The YD event is an abrupt and very marked millennial-scale cooling episode between ; 11,000 and 10,000 14 C BP. It is regarded as the latest Ž . Heinrich event H0 and has been more extensively studied than previous ones.
These deglacial climatic oscillations have been well documented around the North Atlantic Seaboard, but until recently few studies have addressed the Ž continental interior of North America Rind et al., . 1986; Shane, 1987; Wright, 1989; Peteet, 1995 . Establishing the geographic extent and relative magnitude of these deglacial climatic oscillations is essential for understanding the mechanisms and causes of these abrupt climatic changes in particular and of Earth's climatic system in general. Here we review recent multiple proxy studies from non-coastal North Ž . America. The objectives of this paper are: 1 to put evidence for deglacial climatic oscillations from interior North America in the context of other regions; Ž . 2 to evaluate the transmittal mechanisms and to explain the contrasting response of the continental Ž . interior; and 3 to discuss strategy and future directions for obtaining empirical paleoclimatic records. The paper will first provide a brief overview of deglacial climatic events from regions around the North Atlantic and from the west coast of North America. We then focus on evidence from interior North America, which has lacked examples of deglacial climatic oscillations. Lastly, we evaluate the ultimate and proximate causes and mechanisms of transmittal based on a coupled ocean-atmosphere general circulation model and propose a hypothesis that explains the contrasting late-glacial climates between the Atlantic region and the North American continental interior.
The time period covered in this paper spans the late-glacial and early Holocene. The late-glacial here refers to the time period of ; 13,000-10,000 14 C BP, which is characterized by extreme climatic insta- Table 1 Ž . Ages of deglacial climatic events in the North Atlantic region from Mangerud et al., 1974; Wohlfarth, 1996; Bjorck et al., 1998 . 11,000 C BP and YD 11,000-10,000 C BP Ž . Mangerud et al., 1974; Wohlfarth, 1996 . The termi-Ž . nology of Mangerud et al. 1974 is used here for Ž . convenience. Recently, Bjorck et al. 1998 proposed a new late-glacial event stratigraphy for the North Atlantic region based on the stratotype of the Green-Ž . land ice-core isotope record GRIP . Their event stratigraphy extends from the beginning of the Holocene downward, including events Greenland Ž . Stadial 1 GS-1 for the YD, Greenland Interstadial 1 Ž . GI-1 for the Allerød and Bølling, and GS-2 for the Oldest Dryas. The GI-1 is further subdivided into Ž episodes GI-1a warm period between YD and . Ž . Ž IACP , GI-1b IACP , GI-1c warm period between . Ž . Ž IACP and OD , GI-1d OD and GI-1e Bølling . warm period . Table 1 lists radiocarbon and calendar ages of deglacial climatic events and correlation of Ž . the Mangerud et al. 1974 terminology and the Ž . Bjorck et al. 1998 event stratigraphy. Both calendar and radiocarbon ages are used in the paper, because calibration between the two time scales for that period is not straightforward or reliable.
Deglacial climatic oscillations
Many sites in western and central Europe and Greenland show multiple deglacial climatic oscillations. Here we select several sites from regions Ž . around the North Atlantic Ocean Fig. 1 to illustrate Ž . these climatic events Fig. 2 . Before we discuss the evidence from the interior of North America, we briefly review well-documented records from coastal Ž . regions Fig. 3 .
Many paleoclimatic records from the North Atlantic region during the last deglaciation from 15,000 to about 7000 cal BP show a classic deglacial climatic sequence from the initial BOA warming, to BOA warm period with two or more minor oscillations, to the YD cold period, and to Holocene warming with PB and a cooling event at 8200 cal BP Ž .Ž . 8.2-ka event Fig. 2B -E . The last Bond cycle from the peak BOA warming at ; 14,500 cal BP to the onset of the Holocene at ; 11,500 cal BP shows a progressive cooling through two or three D-O cycles, followed by an abrupt warming. The coldest Ž part of this Bond cycle is marked by the YD Hein-. rich layer H0; Andrews et al., 1994 . These events Eicher, 1998 , Summit ice-cores from Greenland Dansgaard et al., 1993; Grootes et al., 1993; Stuiver et al., 1995 , marine core Troll3.1 Ž . Ž . from North Atlantic Lehman and Keigwin, 1992 , Gerzensee in central Europe Eicher, 1980 , and marine core PL07-56PC from Cariaco Ž . basin in tropical Atlantic Hughen et al., 1996 . 
Greenland and North Atlantic Ocean
Multiparameter records from Greenland ice cores provide the clearest evidence of abrupt deglacial Ž climatic changes in many aspects e.g., Fig. 2B and . Ž . F; Alley, 2000 . One of these ice cores GRIP was Ž . proposed by Bjorck et al. 1998 as the stratotype for Ž . an event stratigraphy Table 1 . The detailed glaciochemical data benefit from well preserved annual ice layers that can be counted with confidence. The oxygen isotopes from the ice reflect mostly changes in air temperatures, showing the major YD climatic reversal between the BOA warm period and the Ž warm Holocene Fig. 2B ; Johnsen et al., 1992; Grootes et al., 1993; Dansgaard et al., 1993; Stuiver . et al., 1995; Stuiver and Grootes, 2000 . During the pre-and post-YD warm periods, several minor oscillations are also clearly documented. Other proxies show that the transitions of these abrupt climatic shifts, especially the YD, occur very rapidly within a Ž few years to a few decades Dansgaard et al., 1989; Alley et al., 1993; Taylor et al., 1993 Taylor et al., , 1997 Sever-. inghaus et al., 1998; Severinghaus and Brook, 1999 . A significant change in atmospheric chemical com-Ž position occurred during the YD Mayewski et al., . 1994 . Ž . Ruddiman and McIntyre 1981 used foraminiferal stratigraphy of ocean cores to show that the southern limit of the polar front shifted southward during the YD climatic reversal. Deep-sea records traditionally have low temporal resolution due to usually very low sediment-accumulation rates, but many marine records with high resolution demonstrate these Ž deglacial climatic oscillations in more detail Fig. 2C and E; Lehman and Keigwin, 1992; Hughen et al., . 1996 . Other marine records from the North Atlantic Ž also show these deglacial climatic events e.g., Koç . Karpuz and Jansen, 1992; Bond et al., 1993 .
Western and central Europe
The YD cooling had significant impact on European terrestrial and aquatic ecosystems, and the most convincing continental evidence for the deglacial climate events comes from western and central Europe. Initially, the YD climatic reversal was recognized in glacier reconstructions and in pollen and macrofossil records showing vegetation containing Ž the tundra plant Dryas octopetala in Denmark Iver-. sen, 1954 . Over the last century, abundant evidence is available from multidisciplinary studies, but different proxies may have responded differently and have Ž recorded different timings for the cooling Wright, . 1984; Pennington, 1986; Birks and Ammann, 2000 . After the Scandinavian Ice Sheet retreated from the Last Glacial Maximum, it paused or readvanced in many places, as clearly documented in southern Ž . Sweden Bjorck et al., 1988; Berglund et al., 1994 . The YD is marked in northwestern Europe by a change to a pronounced periglacial condition, with renewed soil erosion and mineral inwash into lakes Ž . Walker et al., 1994 . Alpine glaciers also responded to the YD cooling. In Switzerland, for example, the Egesen moraine was formed during the YD, as has been recently confirmed by 10 Chappellaz et al., 1993 and GISP2 thick line; Brook et al., 2000 . Late-glacial ages for Crawford, Gerzensee and Troll3.1 cores were tentatively tuned to GISP2 ice-core time scales on the basis of similar climatic oscillations, so the similarity in timing does not mean synchrony of events at centennial scales. and Siegenthaler, 1976; Eicher, 1980 Eicher, , 1987 Siegenthaler and Eicher, 1986; Lotter et al., 1992; Ammann . et al., 2000 . This sequence shows remarkable simi- Mott et al., 1986; Peteet et al., 1990 Peteet et al., , 1993 Mayle et al., 1993a,b; Cwynar and . Ž . Ž Levesque, 1995 ; D Southern Alaskan coast Engstrom et al., . Ž . 1990; Peteet and Mann, 1994; Hansen and Engstrom, 1996 ; E Ž Pacific Northwest coast Mathewes et al., 1993; Mathewes, 1993 Gosse et al., 1995 ; 13 Crowfoot Ž moraine, Alberta Reasoner et al., 1994; Reasoner and Huber, . Ž . Ž . 1999 ; 14 Southern High Plains Holliday, 2000 . larity with ice-core records from Greenland Ž . Siegenthaler et al., 1984; Lotter et al., 1992 . Oxygen-isotope records that show deglacial climatic os-Ž cillations are also available from Poland Goslar et . al., 1993 Ralska-Jasiewiczowa et al., 1998 , Ž southern Germany von Grafenstein et al., 1992 , . Ž . 1994 , 1999 , Ireland Ahlberg et al., 1996 , Ž . and southern Sweden Hammarlund et al., 1999 Paleobotanical records from pollen and macrofossil data generally show an open vegetation during the YD cold period. For example, the YD cooling was Ž marked by tundra taxa in Britain and Ireland Hunt-. ley and Birks, 1983; Walker, 1984; Watts, 1985 or by the expansion of Artemisia in the grassland Ž . Watts, 1977; Cwynar and Watts, 1989 . In the Netherlands, closed forests were replaced by either open woodlands or dwarf shrub and heath vegetation Ž . Van Geel et al., 1989; Bohncke, 1993; Hoek, 1997 . Ž . In lowland Switzerland the Swiss Plateau , the YD event is recorded by an increase of juniper and pioneer heliophilous taxa in the pine-birch wood-Ž lands Ammann, 1989; Ammann and Lotter, 1989; Lotter et al., 1992; Ammann et al., 1994; Lotter, . 1999 . In western and central Europe, the YD is clearly shown in paleobotanical records, but the mi-Ž . nor climatic oscillations e.g., PB, GrK, OD are not Ž so obvious but see Lotter, 1999; Birks and Am-. mann, 2000; Leroy et al., 2000 . Fossil insects from northern Europe show clear evidence for deglacial climatic oscillations, including the BOA warming, declining temperature trend during the BOA warm Ž period, and the YD Coope, 1977; Atkinson et al., . 1987; Coope and Lemdahl, 1995; Coope et al., 1998 . Other paleoclimatic proxy data also show sensitive response to climatic oscillations, for example, chi-Ž . ronomids Brooks et al., 1997; Mayle et al., 1999 , Ž . land snails Rousseau et al., 1998 , and  Mayle et al., 1993a,b; Cwynar et al., 1994; Levesque et al., 1994; Mayle . and Cwynar, 1995 , but in central New Brunswick and northern Nova Scotia from shrub tundra to herb Ž tundra Levesque et al., 1993; Mayle et al., 1993a,b;  . Ž Mott, 1994 . Relatively low organic matter as mea-. sured by loss on ignition indicates renewed solifluction, increased minerogenic inwash, or reduced lake Ž productivity due to cooling e.g., Mott et al., 1986; . Mayle et al., 1993a; Mott and Stea, 1993 . Chironomids have been successfully used to reconstruct summer surface-water temperatures for the YD and Ž GrK events in Maritime Canada and Maine Walker et al., 1991; Wilson et al., 1993; Levesque et al., . 1993 Levesque et al., . , 1994 Levesque, 1995 . Anderson Ž . and MacPherson 1994 summarized palynologic data from Newfoundland and showed an increase in herb tundra taxa and in sediment alkali during the YD, suggesting reduced vegetation cover and accelerated soil erosion. They also reported evidence for minor climatic oscillations shortly before the YD and in the Ž . early Holocene. Miller 1997 analysed fossil insects from three late-glacial sites in Nova Scotia and found evidence for the YD, but it is not as strong as the palynologic and lithologic records.
In southern Quebec, slight changes in pollen assemblages within herb tundra and decreased pollen concentration suggest the YD climatic reversal Ž . Marcoux and Richard, 1995 as well as an early-Ho-14 Ž locene cold event at 9500 C BP Richard et al., . 1992; Richard, 1994 . In southern New England, the YD is recorded by a decrease in the pollen percentage of thermophilous temperate deciduous trees such as Quercus and Fraxinus and increase of boreal forest taxa such as Abies, Larix, Picea, Betula, and Ž Alnus e.g., Peteet, 1987; Peteet et al., 1990 Peteet et al., , 1993 Maenza-Gmelch, 1997a,b 
West coast of North America
On Pleasant Island in the Glacier Bay area of Ž . southeastern Alaska, Engstrom et al. 1990 and Ž . Hansen and Engstrom 1996 described a pollen sequence implying that an established lodgepole pine Ž . Pinus contorta parkland or forest reverted to shrub-Ž and herb-dominated tundra Ericaceae, Poaceae, . Cyperaceae, and Artemisia from 10,800 to 9800 14 C BP. This vegetational change is matched by geochemical evidence of reduction of organic matter from catchment soils and increased mineral erosion Ž . Engstrom et al., 1990 . They interpreted these vegetational and geochemical changes as caused by a possible YD cooling event, because no known readvance of glaciers at that time in the area could explain the changes. On Kodiak Island in southwest-Ž . ern Alaska, Peteet and Mann 1994 found distinct lithologic oscillations and a dramatic reversal in vegetation involving the near disappearance of Poly-Ž .
14 podiaceae AFern GapB from 10,800 to 10,000 C BP, suggesting colder and drier conditions. They interpreted this reversal as a high-latitude Pacific expression of the YD event.
Just as with the YD event around the North Atlantic, evidence for the climatic reversal in the Pacific Northwest is best expressed in hypermaritime Ž . and maritime climatic regions Mathewes, 1993 
Other places in the world
Several recent reviews have been published that summarize the state of knowledge about evidence for deglacial climatic oscillations, especially the major Ž YD climatic reversal Rind et al., 1986; Wright, . 1989; Peteet, 1995; Rutter et al., 2000 . Increasing evidence is available for South America from paly-Ž nologic data Kuhry et al., 1993; Van der Hammen and Hooghiemstra, 1995; Isbele et al., 1995; Leyden, . Ž 1995; Hansen, 1995 Thompson et al., 1995 . Ž . An et al. 1993 suggested that a strengthened summer monsoon indicated by loess data from central China was correlated with the YD event. Zhou et al. Ž . 1996 suggested that significant and rapid oscillation of paleomonsoon proxy for monsoonal eastern Asia occurred during the YD interval. Porter and An Ž . 1995 suggested that climatic events in China correlated with the North Atlantic region during the last deglaciation. In the varved sediments of Lake Van in eastern Turkey, the YD is well represented in the sediment chemistry and the pollen profiles by indica-Ž tions of a cold dry climate Lemcke and Sturm, . 1996 . In east Africa, a lower lake level was corre-Ž . lated with the YD interval Roberts et al., 1993 Blunier et al., . 1998; White and Steig, 1998 . It appears that many questions remain to be answered.
Evidence from the Great Lakes region

Stable isotopes
Clear evidence for deglacial climatic oscillations in the Great Lakes region have been recently documented by stable-isotope records at two small lakes along the Niagara Escarpment in southern Ontario Ž . sites 1 and 2 in Fig. 3 ; Yu and Eicher, 1998 . The oxygen-isotope records from three cores at Crawford Ž . Lake Figs. 5 and 6 show the classic European climatic sequence. A striking feature from all three 14 Ž Lakes region and from Greenland ice-core GISP2 left bar-curve on C and calendar-year time scales, respectively Grootes et al., 1993; . Yu and Eicher, 1998 . At Crawford Lake, the sequence of climatic oscillations includes the BOA warming, GrK, YD, PB and HE-5 w x Ž . Holocene Event 5; Bond et al., 1997;  i.e., the 8200 cal BP cooling event , and possibly OD Older Dryas . All these oscillations recorded at Crawford Lake have about a third to half the amplitude of the Greenland record, and PB and HE-5 have half the amplitude of the YD and Ž . GrKrIACP at both locations modified from Yu and Eicher, 1998 . After this minimum, the d
18 O values show an abrupt positive shift of 1.2‰, 1.5‰, and 3‰ for cores DC, SC, and BC, respectively, indicating the onset of Holocene warming linked with the Picea-Pinus transition at 10,000 14 C BP. Levesque et al., 1993 . This climatic sequence is remarkably similar to records from around Ž the North Atlantic Eicher 1980; Lotter et al., 1992; Johnsen et al., 1992; Levesque et al., 1993; Dansgaard et al., 1993; Stuiver et al., 1995; Bjorck et al., . 1996; Alley et al., 1997 . Ž 18 . At Twiss Marl Pond, oxygen-isotope d O results from mollusc shells, Chara-encrustations, and bulk carbonates also show a classic climatic sequence of a warm BOA at ; 12,500-10,920 14 C BP, a cold YD at 10,920-10,000 14 C BP, the Holocene warming at 10,000 14 C BP, a brief PB at 9650 14 C BP, and a possibly IACP event shortly 14 Ž before 11,000 C BP Yu and Eicher, 1998; . Eicher, 1998 . Before the YD interval, another slight negative excursion of d 18 O at 500-510 cm was recorded in mollusc shells and bulk marl, possibly correlated with the IACPrGrK events, for it was Ž also indicated by peaks of Al and K Yu and Eicher, .
.
In the eastern Great Lakes region, several other studies have examined climatic and vegetational changes during the last glacial-interglacial transition. Multiproxy data from several small lakes, however, failed to show evidence for late-glacial climatic oscillations and even climatic warming at the onset Ž . Ž . of the Holocene Fritz et al., 1987 . Yu 2000 provided an alternative interpretation of stable-isotope records from the Gage Street and Nichols Brook Yu and Eicher, 1998; Yu, 1997 Yu, , 2000 . In addition, a slight negative excursion in d
18 O shortly after the YD corresponds to the recurrence or persistence of Picea pollen at the Gage Street site Ž . Fritz et al., 1987 , which may correlate with the PB at 9650 BP as demonstrated at Twiss Marl Pond and Crawford Lake.
At the Nichols Brook site in northwestern New Ž . York site 5 in Fig. 3 , on the basis of lithology, pollen, fossil insects, and detailed stable-isotope Fritz et al., 1975; Lewis and . Anderson, 1992 , which were initially interpreted as Ž . representing temperature changes Fritz et al., 1975 and later as caused by changes in meltwater dynam-Ž ics of the Great Lakes Fritz, 1983; Fritz et al., 1987; Lewis and Anderson, 1992 ; also see Rea et al., . 1994a,b . At coring site 13194, two large increases Ž .
14 18
; 5‰ at 12,700 C BP and 10,000 BP in d O Ž . from mollusc and ostracode shells Fritz et al., 1975 were caused by a reduction in glacial meltwater in Ž the Great Lakes drainage system Fritz, 1983; Fritz . et al., 1987 . During deglaciation, the Great Lakes Ž received varying quantities of meltwater Rea et al., . 1994a,b . Consequently, changes in water budget may have complicated climatic signals in these isotopic records. Such meltwater complications may also apply to the isotopic record at the Long Point Ž site in the Lake Erie basin Lewis and Anderson, . Ž . 1992 , which also shows a large increase ; 8‰ in d 18 O at ; 10,000 BP, and for sites from Lake Huron Ž . and Georgian Bay Rea et al., 1994a, b . In fact, these authors interpret their isotopic records as caused by meltwater dynamics and lake-level history, rather than climatic change directly.
At Deep Lake, southeast of proglacial Lake Agas-Ž . siz in northwestern Minnesota site 9 in Fig. 3 , Hu Ž . et al. 1997 Hu Ž . et al. , 1999 
Vegetation eÕidence from paleoecological records
Ž At Rattle Lake in northwestern Ontario site 10 in . Ž . Fig. 3; Fig. 9 Lawrence River and identified five types of pollen anomalies from the normal pollen sequence during Ž . the early Holocene Fig. 11 . They interpreted that these pollen anomalies were results of localized cold climate caused by enhanced meltwater discharge from proglacial lakes at 10,000-8000 14 C BP. They reported that the strongest vegetation response to meltwater-induced cooling occurred at sites within or along margins of large water bodies.
At Crawford Lake and Twiss Marl Pond, the YD climatic reversal was documented by a negative excursion in d 
Ž
. occurred in the upper part of the spruce Picea zone. There was no significant forest response to the YD cooling. This was probably a result of the insensitivity of non-ecotonal vegetation. In the eastern Great Lakes region, the Picea dominance started as 14 
. early as over 12,000 C BP Jacobson et al., 1987 . In the following ; 2000 years, the Picea belt may have moved latitudinally in response to climatic changes. However, as Crawford Lake and Twiss Marl Pond were situated in the middle of the broad spruce belt at 11,000 14 C BP, there was no detectable change in forest composition recorded by pollen. A forest response has been detected in the northern and southern boundaries of the spruce belt at the YD Ž . time, e.g., in Ohio and Indiana Shane, 1987 and Ž . northwestern Ontario Bjorck, 1985 . This implies either that elsewhere pollen techniques are not sensitive enough to detect subtle forest change or that the forest persisted below its threshold in non-ecotonal Ž . locations Shane, 1987 . Nevertheless, the vegetation change was shown by the slight increase or persistence of herbs and decrease of pollen concentrations, although it was not as significant as isotopic and lithologic records. The brief climatic oscillation at 9650 14 C BP caused the recurrence of Picea pollen, because at that time the Picea-Pinus ecotone was near the sites. Mayle et al. 1993b summarized the pollen evidence for the YD event in eastern North America Ž and proposed the peak or persistence of alder Al-. nus pollen as an indicator. However, this is clearly not the case for sites in the Great Lakes region.
Lake leÕels, meltwater and climate
Lake levels in the Great Lakes have been reconstructed and continuously refined over the last decade, and their connection with meltwater discharge and with climatic oscillations has been discussed on the basis of pollen and stable-isotope data ŽFig. 12; Anderson, 1989, 1992; Anderson and Lewis, 1992; Rea et al., 1994a,b; Lewis et . Ž . al., 1994 . Rea et al. 1994b suggested that the YD cold event was coeval with the Lake Algonquin highstand at 11, 200 14 C BP and was caused by the lake effect as proposed by Lewis and Ander-Ž . son 1992 . On the basis of isotopic and lake-level data from Lake Huron and Georgian Bay, Rea et al. Ž . 1994a,b found that the highstands, including Lake Algonquin, were characterized by isotopically heavy water. In contrast, the intervening lowstands were characterised by cold, dilute, isotopically very light water, as indicated by their isotope and ostracode Ž . Ž . data Rea et al., 1994b Fig. 12 . Huron Basin during the last deglaciation. Lake levels and oxygen isotopes from Moore et al. 1994 and Rea et al. 1994a bined seismic, lithostratigraphic, and biotic data to reconstruct the lake-level history of the northern Huron Basin. They suggest a steady drop in lake levels from the main Algonquin highstand from 
Moraines and oscillations of the southern margin of the ice sheet
During the last deglaciation, there were repeated Ž . major oscillations advance and retreat of the southern margin of the Laurentide Ice Sheet in the Great Lakes region, which left complex moraines. If moraines occurred over a large geographic area, they might not be caused simply by ice-sheet dynamics but by local or regional climatic fluctuations. Saar-Ž . nisto 1974 recognized a series of end moraines in Ž . the Lake Superior region of Ontario site 7 in Fig. 3 and Michigan that were formed between 11,000 and 10,100 14 C BP. These moraines indicate slowdown or a pause of deglaciation during that time, preceded and followed by rapid ice retreat. This episode was called Algonquin Stadial, a reversal in the late-glacial climatic warming, correlated with the YD event Ž . Saarnisto, 1974 . The lack of pollen evidence for the climatic reversal in this region was attributed to non-ecotonal vegetation, because spruce forestr woodland had already occupied most of the available landscape at that time, and to insensitivity of pollen techniques in resolving climatic changes of this mag-Ž . nitude Saarnisto, 1974 . Ž . Ž Lowell et al. 1999 confirmed the age 10,025 14 . C BP of the Lake Gribben forest bed south of Ž . Lake Superior in Upper Michigan site 8 in Fig. 3 by dating nine wood samples, and they argued that Ž . the ice advance Marquette readvance that buried the forest by a prograding ice-contact fan was the result of the YD cooling event. They identified a contemporaneous glacial margin that extended almost 1000 km from Duluth, MN, to North Bay, Ontario, and argued that a surging glacier system would not produce a linear moraine system across Ž . both a major basin Lake Superior and a major Ž . Ž . upland Abitibi Upland . Lowell et al. 1999 also reviewed the results of the last several decades of research on the glacial geology of the Great Lakes and their possible connection with the broad-scale YD cooling event.
Fossil beetles
Fossil insects at several sites in the Great Lakes region indicate a stable climatic condition without a major amelioration at the onset of the Holocene Ž 14 from 11,000 to 9000 C BP; Miller and Morgan, ( ) . 1982; Schwert et al., 1985; Morgan, 1987 Morgan, , 1992 Mott et al., 1986; Mayle et al., 1993a; Mott, 1994 . He interpreted this weak response of beetles to the YD cooling as caused by delayed response to climatic change, by response to climate indirectly through changes in vegetation and ground cover, and by probably the wide temperature and habitat tolerances of most beetle species. He suggested a gradient of decreasing beetle sensitivity to YD climate cooling from Europe through Maritime Canada to the Great Lakes region.
Evidence from the Rocky Mountains of North America
AdÕance of alpine glaciers
During the last deglaciation after the full-glacial advance of the Cordilleran Ice Sheet, alpine glaciers Ž readvanced and left numerous moraines Luckman and Osborn, 1979; Davis, 1988; Osborn et al., 1995;  . Osborn and Gerloff, 1997; Clark and Gillespie, 1997 . The dating and correlation exercises in recent years have accumulated evidence either for or against the YD climatic reversal in the Rocky Mountains. Rea-Ž . soner et al. 1994 first convincingly established the age of the Crowfoot Advance in the Banff National Park, Alberta, between 11,330 and 10,070 14 C BP by AMS dating of terrestrial macrofossils from downstream glaciolacustrine records. They cored two lakes adjacent to the Crowfoot moraine type locality and dated the sediments bracketing an inorganic sediment interval. These inorganic sediments were associated with the Crowfoot Advance on the basis of bulk geochemistry and clast lithology. The Crowfoot Advance is the best glacier evidence for the YD Ž climatic reversal in the Canadian Rockies Osborn et al., 1995; Reasoner and Huber, 1999; . 11,070-9970 C BP . The equilibrium-line-altitude Ž . ELA depression associated with these glacial deposits indicated that the glacier response to the YD cooling in the Rocky Mountains was minor, similar in extent to that of the Little Ice Age advance. The interpretation of some glaciolacustrine records is controversial. For the Crowfoot Advance, Leonard Ž . 1998 argued that the correlation between lake-sediment cores and moraines as suggested by Reasoner Ž . et al. 1994 may not be secure and suggested that the type Crowfoot moraine predates the YD interval.
Similar controversy exists for glacier advance along the west coast of North America. Clark and Ž . Gillespie 1997 found that the Recess Peak moraines in the Sierra Nevada, CA, were deposited before 11, 190 14 C BP, predating the YD. In another case at Ž . Mount Rainier, WA, Heine 1998 found that alpine glaciers retreated during the YD interval, probably due to a lack of available moisture, and suggested that the climate might also have been cold. These authors suggested either regional variable responses of local climate in North America during the YD interval or differential responses of alpine glaciers to the same climatic event. Rockies. He suggested that the lack of pollen evidence for a BOA warm interval in the Canadian Rockies was due to the short time gap between deglaciation of the trunk valley and the YD advance of alpine glaciers, which left little time for the expansion of arboreal taxa prior to the YD interval.
Southern interior North America
In the unglaciated regions of central North America south of the Great Lakes and east of the Rocky Mountains, reconstructing late-glacial paleoenvironments has proven difficult because long-term, highresolution records are sparse. Consequently, paleoclimatic information for these regions has to be inferred from other deposits, such as loess, sand dunes, and Ž . soils. Recently, Holliday 2000 reviewed and retrieved paleoclimatic information from archaeological, geochemical, and geological data from the Ž Southern High Plains of the Great Plains site 13 in . 
Causes of climatic oscillations in the interior of North America
Local Õersus broad-scale climatic change
For the Great Lakes region, it has been postulated that the YD-age climatic reversal and perhaps other deglacial climatic events were a locally induced climatic change caused by an air mass passing over Ž . cold proglacial lakes. Lewis and Anderson 1992 attribute a gradual decrease of 3‰ in d 18 O from ; 11,000 to 10,500 14 C BP in the Lake Erie basin to the isotopically light meltwater inflow from the highstand of proglacial Lake Algonquin in the Lake Huron basin. Using as analogue the cooling effect of Ž . lowlands west of modern Hudson Bay Rouse, 1991 , they propose that the lake cooling was responsible for the Picea recurrence in the southern Great Lakes Ž . region Shane, 1987 and for pollen anomalies at Ž . other sites. Shane and Anderson 1993 pointed out, however, that the strongest YD signal is found at sites distant from the lakes. On the basis of the stable-isotope and pollen record from a small lake near Glacial Lake Agassiz during its second expan-Ž . sion, Hu et al. 1997 showed that lake-induced cooling in the early Holocene did not cause a significant change in vegetation. In the Great Lakes region, the available data suggest that the detectability of pollen anomalies during the YD interval relies more on site location relative to ecotonal vegetation, rather than on the distance from proglacial lakes or down-Ž windrupwind directions Saarnisto, 1974; Shane, . 1987; Wright, 1989; Yu, 2000 . On the basis of isotopic and lake-level data from the sediments of Lake Huron and Georgian Bay, Rea Ž . et al. 1994a,b found that the highstands, including Lake Algonquin at 11, 200 14 C BP, were characterised by isotopically heavy water, indicating ( )a much smaller meltwater component relative to input from local precipitation and run-off. In contrast, the intervening lowstands were characterised by cold, dilute, isotopically very light water. These new results do not appear to support the Ž . Anderson 1989, 1992 hypothesis, although Rea et Ž . al. 1994b maintain that lake-effect cooling is probably related more to surface area than the meltwater volume. Nevertheless, the relatively warm lake water during highstands of the Great Lakes certainly would have had a less pronounced cooling effect. In fact, the lake areas of Lakes Ontario, Erie, and Michigan at 10,800 14 C BP were smaller during the main Lake Algonquin phase than at present, and Lake Huron Ž was similar in size see Fig. 2b in Lewis and Ander-. son, 1992 .
The cooling effect of large lakes on adjacent land does occur. However, the main difficulty with the Lewis and Anderson hypothesis is how this cooling effect links to the YD climatic reversal, which requires more enhanced lake and ice-sheet cooling during the YD interval than before and after. The extensive ice sheet itself might very well have overprinted the localized cooling caused by proglacial lake water by modifying atmospheric circulation and Ž . temperature Clark et al., 1999 . Because of its size, Hudson Bay presently generates a distinct air mass off its coast. During the YD interval, proglacial lakes would have had a relatively small cooling effect compared with the extensive ice sheet to the north. Ž . Anderson and Lewis 1992 also postulated that a similar meltwater-induced cooling could account for early-Holocene pollen anomalies at 10,000-8000 14 C Ž . BP summarized in their paper Fig. 11 . However, their hypothesis does not predict the PB cooling found at sites such as Crawford Lake and Twiss Marl Pond and perhaps the Gage Street and Nichols Brooks sites, which were distant from any proglacial Ž lakes at 9500 BP see Fig. 1 in Anderson and Lewis, . 1992 . In fact, the areas of the Great Lakes at 9500 BP, except Lake Superior, were much smaller than today, and water levels in the Huron and Michigan Ž basins were near their lowest levels ever see Fig. 20 . in Teller, 1987 . In summary, the hypothesis of local meltwater-induced cooling cannot be applied to the YD-age and other climatic oscillations recorded in the Great Lakes Ž . region. At some of these small lakes Fig. 7 , the sequence and relative magnitude of climatic changes match in detail the records from the North Atlantic region and indicate that these oscillations are likely an expression of broad-scale, probably global, climatic changes. This similarity cannot be satisfactorily explained by any local or regional processes, and it must relate to a more fundamental climatic trigger in the coupled ocean-atmosphere-ice sheet climatic system, which would explain these widespread, Ž abrupt climatic events Broecker et al., 1985; Rind et al., 1986; Shane, 1987; Wright, 1989; Peteet et al., . 1997; Yu and Eicher, 1998 . 
Transmittal mechanism and response of continental interior
Recent data indicate that the abrupt warming at Ž . the end of the last glaciation Bølling warming and Ž . at the end of the YD Holocene warming in the North Atlantic both occurred several decades before the tropical warming indicated by an increase in atmospheric methane concentration, suggesting that the trigger of deglacial climatic oscillations was related to North Atlantic Ocean rather than to changes Ž in the tropics Severinghaus et al., 1998; Severing-. haus and Brook, 1999 . Many theories to explain these deglacial climatic oscillations invoke mechanisms associated with ice sheets and the North Atlantic Ocean. The mechanisms have long been related to dynamics of northern hemispheric ice sheets Žice-sheet forcing; McCabe and Clark, 1998; Clark et . Ž al., 1999 and of oceanic circulation Broecker et al., . 1990 or to external forcing from beyond the North Ž Atlantic region Bond and Lotti, 1995; .
.
Ž . Alley and Clark 1999 recently synthesized evidence and theories on the deglaciation of the Northern Hemisphere and on climatic oscillations during the last deglaciation. They emphasized the importance of temporal perspectives in discussing millennial-scale climatic events. The deglaciation was ultimately a response to increased insolation in Mi-Ž lankovitch cycles. The D-O oscillations ; 1500 . years spacing were usually superimposed on a longer H-B Cycle with a spacing of 6000-17,000 years. The last H-B cycle occurred during the last deglaciation at the transition from the Bølling warm-Ž . ing to the YD s H0; Andrews et al., 1994 . Alley ( ) 
Ž
. and Clark 1999 suggest that millennial-scale warming and cooling events during the last deglaciation may represent some combination of response to free oscillation or oscillations in the climate system, with forced oscillations linked to changes in the mid-latitude ice sheets. A meltwater-triggered shift in thermohaline circulation in the North Atlantic during the YD would have had the potential to greatly cool the high-latitude North Atlantic, Greenland, and Europe. The YD climatic reversal was possibly, at least in part, related to meltwater diversion in North America Ž . Broecker et al., 1988 . However, it was one of many similar abrupt climatic changes during the last glaciation and last deglaciation that may have had Ž . multiple causes Alley and Clark, 1999; Alley, 2000 . Holocene D-O-like events usually have a variable Ž . spacing of 700-2200 years Bond et al., 1997 ; the 8.2-ka cooling event was one of these and has a Ž geographic pattern similar to that of the YD Alley et . al., 1997 . A widely accepted hypothesis is that iceberg and meltwater pulses from wasting ice sheets diluted the surface ocean with less dense water, thus shifting or even shutting down the thermohaline circulation Ž . Ž . THC and North Atlantic Deep Water NADW formation, causing reduced heat transfer from subtropical to subpolar regions and cooling the high latitudes around the North Atlantic, especially down-Ž wind, i.e., Europe Broecker et al., 1988 Broecker et al., , 1989 . Broecker, 1994 . Broecker, , 1997 . This mechanism has been invoked to explain the most prominent cold event during the last deglaciation, the YD at 12,700-11,600 cal BP, by the routing change of the Laurentide ice sheet meltwater from the Mississippi drainage sys-Ž . tem to the St. Lawrence River Rooth, 1982 . The cooling effect extended upwind in North America as Ž . far as Ohio Wright, 1989 . Meanwhile areas farther Ž . inland e.g., Minnesota were affected not only by the proximity to the ice sheet in southern Canada but by the influence of the milder Caribbean air mass, thereby accounting for non-analogue vegetation that Ž characterized the region in the late-glacial see Sec-. tion 6.3 for details . Change in oceanic ventilation was also associated with the 200-year-long PB at Ž ; 10,900 cal BP Lehman and Keigwin, 1992;  . Bjorck et al., 1996 . The final collapse of ice sheets and catastrophic drainage of glacial lakes might have triggered the most prominent Holocene cooling event Ž at 8200 cal BP Alley et al., 1997; Barber et al., . 1999 , although another interpretation of this event Ž . has been offered Hu et al, 1999 . Although at a global scale the exact causes of rapid climatic oscillations, including the YD event, are still incompletely understood, accumulating evidence from different regions and climate modelling will ultimately shed light on their causes and mechanisms and the Earth's climatic dynamics as a whole. Here we assume that the climatic signals during the last deglaciation originated from meltwater-induced change in North Atlantic thermohaline circulation, as indicated by most available empirical evidence, and we discuss recent modeling results that point to the mechanism of transmittal of climatic signals into the continental interior of North America.
The results from general circulation models . and Overpeck 1993 systematically examined the climatic responses to hypothetical causesrforcings Ž . of climatic variability, including 1 inherent random Ž . variability in the atmosphere; 2 inherent or forced Ž . variability in the ocean system; 3 solar variability; Ž . 4 variability in volcanic aerosol loading in the Ž . atmosphere; and 5 variability in atmospheric trace gases. By using GISS GCM, Rind and Overpeck found that different geographic patterns resulted from different forcings. For example, the cooling of the North Atlantic due to THC shutdown will affect mostly those regions adjacent to and downwind of the North Atlantic. This is apparently the case in modeling the impact of a cold North Atlantic on YD Ž . cooling Rind et al., 1986 . In contrast, decreased insolation would affect all latitudes. However, because the differential heating of land and ocean causes regional changes in atmospheric circulations ( ) and advection patterns, the maximum cooling in response to decreased insolation tends to occur over inland regions far removed from oceanic influences Ž . Rind and Overpeck, 1993; Lean and Rind, 1998 . This sensitive response of continental interiors to small solar change was suggested by empirical data Ž . from the northern Great Plains Ito, 1999 . Ž . Hostetler et al. 1999 modeled the response of the climate system during a Heinrich event by using an Ž . atmospheric GCM GENESIS and found that modeled temperatures and wind fields exhibit spatially variable responses over the Northern Hemisphere. Because different mechanisms have different signatures in time and space, they may allow for discrimi-Ž nation among climatic records Rind and Overpeck, . 1993 .
Recently accumulated evidence for deglacial cli-Ž matic oscillations from the North Pacific Kennett and Ingram, 1995; Behl and Kennett, 1996; Hendy . and Kennett, 1999 , the west coast of North America ŽEngstrom et al., 1990; Mathewes, 1993; Peteet and . Mann, 1994; Benson et al., 1997 and Rocky Moun-Ž tains Reasoner et al., 1994; Gosse et al., 1995; Reasoner and Huber, 1999; Reasoner and Jodry, . 2000 indicate synchronous response of the climate system to the North Atlantic climatic changes. Was this signal transmitted from the North Atlantic Ocean to the North Pacific Ocean through the atmosphere or the ocean? Although the flow of water within the conveyor from the North Atlantic to North Pacific Ž . takes about 1000 years Kennett and Ingram, 1995 , too slow to explain the near-synchronous climatic responses, several climatic simulations were conducted to explicitly test the transmittal mechanisms.
To explain the presence of the YD climatic rever-Ž . sal around the North Pacific, Peteet et al. 1997 Ž . used an atmospheric general circulation model GISS to test the sensitivity of the Northern Hemisphere air temperatures to change in North Pacific sea-surface temperatures. They found that a colder North Pacific alone has a cooling effect on air temperatures over North America and suggested that a reduction in water vapor due to cold ocean temperatures is the key element that causes the cooling. They also found dry conditions in southwestern North America in response to the North Pacific cooling, an effect supported by paleoclimatic data from Owens Lake Ž . basin Benson et al., 1997 . Using the ECHAM3rLSG-coupled ocean-atmo-Ž . sphere general circulation model OAGCM , Mikola-Ž . jewicz et al. 1997 found that a cold North Atlantic could cause North Pacific climatic variability. During the YD interval the temporary shutdown of NADW formation and a decrease in thermohaline circulation resulting from meltwater input cooled the North Atlantic and reduced poleward heat transport. A maximum cooling occurred over the North Atlantic and Europe, but a marked cooling over the entire Northern Hemisphere also occurred. This downstream cooling reached the North Pacific primarily through the atmosphere, according to simulations of the OAGCM and a radiocarbon tracer model Ž . Mikolajewicz et al., 1997 . Changes in atmosphere affect coastal upwelling at the North American west coast, and the induced surface cooling caused better ventilation of the thermocline waters of the northeastern Pacific.
As shown in Fig. 14, for the Great Lakes region and the northeastern part of North America the cooling was an upstream effect of a cold North Atlantic, diminishing inland. This is typical geographic pat-Ž terns of oceanic climatic forcing Rind and Over-. peck, 1993 . Upstream cooling effects were also suggested by the atmosphere GCM results, though at Ž . smaller magnitude Rind et al., 1986; Wright, 1989 . However, the difference of the Mikolajewics et al. Ž . 1997 simulations from previous model results is that it used a coupled OAGCM and connected North Atlantic and North Pacific directly. The relatively small cooling at the North American west coast is caused by the intensification of the northward winds along the coast. The Mikolajewics et al. simulation successfully explains the evidence from marine records in the North Pacific, but it still cannot fully account for the evidence from the interior of North America and the west coast reviewed in this paper. The simulation suggests a small temperature depression in the region around 458N and 1008W. This region includes the Colorado Rocky Mountains, where strong evidence for the YD is available from Ž glacial and pollen records Menounos and Reasoner, . 1997; Reasoner and Jodry, 2000 . Two empirical studies from western North Amer-Ž . ica region F and site 11 in Fig. 3 . 1997 . This enhanced air flow increases orographic precipitation at higher latitudes and provides favorable conditions for the expansion of alpine glaciers, though the temperature change alone, determined from the change in timberline vegetation, is sufficient to explain the magnitude of YD glacial ad-Ž vances in the Rocky Mountains Reasoner and Jodry, . 2000 .
Amphi-Atlantic contrasts in late-glacial climates
The configuration of the continents framing the North Atlantic Ocean has strongly influenced the patterns of air-mass distribution. Under conditions of changing Milankovitch insolation distribution, this geography has resulted in the initiation and growth of the Laurentide ice sheet, and during the deglaciation phase the dynamics of the ice sheet itself controlled the climatic history on both sides of the Atlantic.
North America east of the Rocky Mountains derives its moisture primarily from the tropical maritime air mass originating over the Caribbean area, as Pacific maritime air loses most of its moisture in Ž . crossing the Western Cordillera Fig. 15 . The same maritime air from the Caribbean moves up the North American east coast and across the Atlantic to Europe with the prevailing westerly winds. This circulation pattern dominated during the last interglacial period, and temperatures then were even warmer than today, as indicated by the small size of the Greenland ice sheet and by evidence that the arctic of northern Scandinavia and northwestern Siberia Ž . was less cold than at present Velichko et al., 1997 . The Laurentide ice sheet began to form during an interval of declining summer insolation and had spread as far west as the Rocky Mountains by the time of the last glacial maximum. During this phase of expansion, the Laurentide ice sheet was nourished primarily by the moist Caribbean air mass. In Eurasia, the accumulation of ice early in the last glacial period was centered in northwestern Siberia. However, during the last glacial maximum the Scandinavian ice sheet had expanded and effectively blocked the flow of moisture to the west-Siberian ice, which became less extensive than it had been earlier Ž . Velichko et al., 1997; Mangerud et al., 1999 . At its maximum and during its wastage, the Laurentide ice sheet indirectly controlled the climate of Europe. Its height and area, when combined with the contemporaneous Cordilleran ice sheet, caused the Westerly Jet Stream to be divided in its course ( ) Fig. 15 . Schematic map illustrating the Caribbean air penetration hypothesis that explains the lack of evidence for a cold Younger Dryas and other climatic oscillations in central interior North America. During the deglacial period, the climatic signal from the Ž . North Atlantic e.g., the YD was transmitted upstream as far as Ž . Ohio Rind et al., 1986; Wright, 1989 , affecting the Great Lakes region as shown by evidence reviewed in this paper. At the same time, the signal was also transmitted downstream to the Pacific Ž Ocean and penetrated as far as the Rocky Mountains Mikolaje-. wicz et al., 1997 . However, in region east of the Rocky Mountains and west of the Great Lakes the cold arctic air mass was trapped north of the Laurentide ice sheet, so warm Caribbean air continued to penetrate northward without interruption, producing temperate conditions there. The Caribbean influence is indicated by non-analogous species assemblages, i.e., persistence of temperate deciduous species in spruce forests, as reviewed in this paper. See text for further detail and Fig. 3 Watts et al., 1996; Willis, 1994 , sup- ported by orographic precipitation, although they Ž also existed in the Hungarian lowlands Willis et al., . 2000 During the glacial period, substantial and rapid climatic oscillations are recorded in the Greenland ice cores as well as in marine cores and terrestrial records. Among these the concentration of ice-rafted Ž . detritus in marine cores known as Heinrich events represents the discharge of icebergs to the Labrador Ž Sea and thence around the northern gyre Heinrich, 1988; Andrews and Tedescco, 1992; Broecker et al., . 1992; Bond et al, 1992; Groussett et al., 1993 . The resulting cap of fresh water caused a reduction in deep-water formation and the return of the oceanic polar front to the south. The last main Heinrich-type event was the YD. During this cool interval, icebergs were supplemented by meltwater from the retreating ice sheet of the St. Lawrence River, and later joined by the eastward discharge of Glacial Lake Agassiz. The YD cooling interrupted the BOA warm period Ž . that had followed dissipation of the previous H-1 Heinrich event. At this time the oceanic polar front, which had moved northward almost to its modern Ž . position Ruddiman and McIntyre, 1981 , returned to the latitude of Portugal. Near-glacial climatic conditions were restored in Europe and sustained by the cold Atlantic storms and the cold Siberian air that was still diverted from the North American arctic. Cold conditions also returned to northeastern North America, where the cold North Atlantic waters cooled that portion of the Caribbean air mass moving up the east coast. The famous AnoreastersB of the modern New England climate are storms characteristic of this air flow. They may have been strengthened by the anticyclonic circulation around the ice sheet, which produced winds in the St. Lawrence Valley that were strong enough to orient sand dunes as the Ž . ice retreated to the north Filion, 1987 . Noreasters may have been more common and intense in the YD because of the cooler waters and cooler air mass, extending as far west as Ohio. Model experiments for the YD suggest that low temperatures resulting ( )from an upwind effect extended that far west-but Ž . no farther Rind et al., 1986 . Meanwhile, in southeastern North America and west as far as the Rocky Mountains, the Caribbean air mass played a direct and more immediate role in the climate of North America during the glacial period, even up to the border of the ice sheet. In the southeast the very diverse modern tree flora, although not so exceptional as that in southeastern China in a comparable continental position, rivals that recorded for the late Tertiary in Europe. This Ž . comparison led Braun 1947 to postulate that the forests of the southern Appalachian Mountains have remained little changed since the Tertiary and were not affected by Pleistocene climatic changes. In a classic review of Pleistocene biogeography, Deevey Ž . 1947 showed that boreal trees like spruce had indeed invaded the region during glacial periods, and since then dozens of pollen diagrams in the southeast have shown that the forests were modified substan-Ž . tially Watts, 1980 and that the varied topography provided habitats for both cool-temperate and warm-temperate trees.
Farther west in the center of the continent, the forest vegetation and thus the climatic history during the glacial and deglacial periods is more difficult to reconstruct. The evidence is summarized in some detail below because the contrasts with the European history are so striking. Pollen studies show that the climate in the mid-continent south of the Laurentide ice sheet was dominantly temperate and relatively stable, contrasting strongly with the dominantly frigid but oscillating conditions in Europe, despite the fact that in North America a huge ice sheet was close at hand, whereas in Europe the Scandinavian ice sheet was relatively small.
Only a narrow fringe of permafrost existed in North America south of the ice sheet, for most of the area north of 508 was protected from freezing by the ice sheet itself. Tundra was also restricted-in fact spruce forest grew on the stagnant ice of terminal Ž . moraines Florin and Wright, 1969 . The southward expansion of spruce forest to 408 latitude indicates the prevalence of cool summers, but from there north to 508 the apparent admixture of temperate deciduous trees like ash, oak, and elm implies that the Caribbean air mass had an ameliorating effect on the climate, and that winters did not have the low temperature extremes found today, for it is this factor that limits the northern range of these deciduous trees.
These relations are not fully explained by the usual numerical climatic reconstructions that compare fossil pollen assemblages with analogous pollen surface samples taken from areas of known mean climatic conditions, which do not include minor but critical climatic variables such as extremes. Fossil assemblages that are anomalous because they have no modern analogues are not included in the analysis. The lack of analogues for mid-continental assemblages during deglaciation reflects the interplay of two major climatic controls that are different from the present-stronger summer insolation patterns that control seasonality and atmospheric circulation, and the existence of a major ice sheet in mid-latitudes. It is hypothesized that the intervals of extreme cold in winter such as those experienced today in the midcontinent did not occur during the glacial period because arctic air was trapped north of the ice sheet -the very air that was diverted instead over the pole to the North Atlantic and Siberia, as mentioned above. The arctic air that did flow south off the ice sheet was adiabatically warmed and reduced in hu-Ž midity, as in foehns or chinooks Bryson and Wend-. land, 1967 . Conditions in the periglacial area permitted temperate deciduous trees to survive in the dominant spruce forest, which itself extended throughout the Midwest because of cool summers engendered by the ice sheet to the north. Ž . For example, King 1973 showed that in Missouri the closed spruce pollen assemblage was succeeded by an assemblage that he called Aspruce with deciduous elementsB, dated at about 13,500 14 C BP. It contained about 20% pollen of oak, elm, ironwood, and hazel in an assemblage dominated by Ž . spruce 30% . A similar combination was found by Ž . Andersen 1954 in southeastern Michigan, where the 30% spruce pollen was combined with 30% temperate types, which, however, were attributed not to local occurrence but to redeposition from unidentified older interglacial sediments, a common alternative interpretation of non-analogue assemblages. Apparently in these regions well south of the ice sheet the winter climate was already ameliorating, contemporaneous with the temperate BOA conditions around the North Atlantic. Farther north in the Midwest, a less diverse but significant admixture of temperate tree taxa also occurs in the spruce pollen zone. A compilation of 20 pollen sites in the Minnesota area for the spruce pollen zone, which dates from about 16,000 to 11,000 14 C BP, shows about 2-5% each for ash, oak, elm, and ironwood. Even the underlying herb zone at many sites has 2-5% oak and ash pollen, although it may contain macrofossils of tundra plants. This zone is also marked by pollen of the open-ground temper-Ž . Ž ate plants Artemisia 10-40% and Ambrosia 5-. 10% , in addition to the 40% spruce pollen. Many sites also contain 1% pollen of Typha, another taxon rare in the boreal forest today. The modern boreal forest and forest-tundra of Canada, their closest general analogues, lack these temperate taxa, and pollen surface samples from that region do not show such Ž values, nor do pollen traps Ritchie and Lichti-. Federovich, 1967 . It is commonly considered that unexpected pollen types, if not accounted for by redeposition, represent distant transport to an area of low local pollen production. Although this explanation is likely for pine pollen in tundra settings, it is not valid for the spruce forest that extended even up to the ice front. Spruce produces abundant pollen, but, unlike pine pollen, its pollen is not easily transported long distances by wind. Of course, the finding of macrofossils provides undeniable evidence for local occurrence of the plant, but macrofosssils of the critical temperate plants are notoriously difficult to find in lake deposits, on which most studies are Ž . made. In Europe, Kullman 1998 reported macrofossils of oak, hazel, and elm in an otherwise dominant boreal-forest assemblage in a peat deposit in the Swedish Mountains at a site well above the modern range of these temperate taxa dated to the time very soon after ice retreat. The occurrence of the temperate types in pollen diagrams had previously been attributed to distant transport. This combination of boreal and temperate plants has no analogue today in Scandinavia and can be attributed to the same type of anomalous climatic conditions called upon below for the Minnesota assemblage.
Pollen percentages may yield a deceiving picture of vegetation, and a more accurate estimate of the pollen deposition of the anomalous types in question can be made by the determination of pollen influx, which requires an accurate chronology. One suitable site for such an estimate is Kylen Lake in northeast-Ž . ern Minnesota Birks, 1981 Van Zant, 1979 . These three sites were occupied by prairie in the mid-Holocene, when the influx values of Ambrosia and Artemisia were generally not much higher than they were in the late-glacial spruce zone, as prairie plants disperse much less pollen than trees. The pollen-trap collec-Ž . tions of Ritchie and Lichti-Federovich 1967 in the modern boreal forest and tundra of Canada contain only trace amounts of Ambrosia, despite the high pollen production by this weed in modern agricultural areas of the Great Plains that can provide a source. These pollen types are unlikely to have blown to the Minnesota area from the south during the glacial period, because spruce forest extended at this time at least as far south as Kansas, and the closest open land was in Texas, where the pollen assemblage was dominated by grasses and contained little Ambrosia.
A hypothetical climatic reconstruction for conditions that would permit the occurrence of Ambrosia and temperate trees in a landscape dominated by boreal trees, even containing tundra types like Dryas, emphasizes the unique conditions of a landscape bordering a huge ice sheet at a time with substantially higher summer insolation than today-conditions for which we should not anticipate detailed modern analogues. Winters would not have had the temperature extremes that today limit the northern range of temperate hardwoods, because the frigid arctic air was trapped north of the ice sheet. Where the landscape had a diversified topography, the spruce forest would have been confined to sheltered valleys, and the uplands would have been host to shrubs with scattered wind-resistant larch trees, as in the modern rolling landscapes of southern Labrador. Dry habitats ( )in the spruce forest, such as sandplains with little competition, can be occupied even today by Dryas, a typical tundra plant. In other openings in the late-glacial spruce forest, drifting snow may have protected the ground cover from winter winds, and after snowmelt, when the surface was warmed and dried by adiabatic winds and by the high insolation of late-glacial summers, they could have provided a habitat for temperate herbs like Ambrosia.
Anomalous pollen assemblages during the glacial and deglacial periods in North America have their Ž counterparts among the fossil beetles Morgan et al., . 1983 . The so-called disharmonious vertebrate fau-Ž . nas of this time Lundelius et al., 1983 also indicate climatic conditions found nowhere today on the continent.
The Allerød-like amelioration of Midwestern climate, occasioned by the steady flow of Caribbean air modulated by the cool periglacial summers necessary to sustain spruce, expanded northward after the last Ž major ice advance in Iowa Des Moines lobe, 14,000 14 . C BP . It reached southern Minnesota by 12,000 14 C BP, when spruce pollen started a rapid decline in Ž favor of early-successional tress ash, birch, and . alder , followed by elm and oak. In areas farther east, e.g., from Ohio eastward, this Allerød-type warming was abruptly interrupted by the YD, which brought the return of spruce, fir, and larch, followed immediately by pine, which had been progressing rapidly westward from ice-age refuges in the Appalachian highlands. Pine was blocked in its expansion beyond Ohio because the climate was already too warm, not having been affected by the YD cooling, and to the north it was blocked by Lake Michigan and the ice sheet. When the ice sheet and its proglacial lakes withdrew, pine moved very rapidly into Wisconsin and Minnesota, replacing the early successional forest and, to the north, the spruce forest itself.
This vegetational sequence west of the Great Lakes reflects the direct influence of the Caribbean air mass in that area throughout the deglacial period, while areas farther east and especially in Europe underwent the strong climatic perturbations that were themselves an indirect effect of the deglaciation progression of the Laurentide ice sheet, which of course was built up by the Caribbean air mass in the first place. The contrast is also represented by the difference in the tree diversity in Europe and eastern North America. The repeated episodes of major Laurentide glaciation and the accompanying severe climatic conditions in Europe reduced the temperate tree flora that had characterized the preglacial landscape, whereas in southeastern United States not nearly so many taxa were lost.
An exception to the concept that the Laurentide ice sheet had a limited role in modifying the late-glacial climate of its periglacial area is emphasized by conditions resulting from the unique event involving the collapse of the central ice dome over Hudson Bay, resulting from the penetration of a calving front up Hudson Strait about 7900 14 C BP. When the collapse occurred, the blockage of frigid arctic air north of the ice sheet was lost, and the Tyrell Sea that subsequently occupied the depressed Hudson Bay lowland was filled with icebergs supplied by remaining portions of the ice sheet in Quebec and Keewatin. The frigid air mass that was generated over the cold sea swept southward even in summer, resulting in an abrupt decrease in values of d
18 O of calcite in the varved sediments of Deep Lake in northern Minnesota, according to the chronology and Ž . hypothesis of Hu et al. 1999 . This event, which is weakly recorded if at all around the North Atlantic seaboard, is unlike the earlier late-glacial fluctuations such as the YD, for it was a local mid-continent direct response to the Laurentide ice sheet control, rather than an upwind or downwind reflection of a North Atlantic event.
In summary, once the Laurentide ice sheet was built by moisture primarily supplied by the Caribbean air mass, that ice sheet provided the principal control on the climate of Europe. This was accomplished during full-glacial time by the rerouting of arctic air and during deglacial Heinrich events and the YD interval by the yield of meltwater to the North Atlantic. Icebergs were of particular importance because of their stored AcoldthB. In contrast, the Scandinavian ice sheet had little direct influence on European climatic events; rather, it expanded and decayed in response to the Atlantic and Siberian climatic forces, just as did the glaciers in Britain and the Alps. In this reconstruction, the trapping of arctic air to the north of the Laurentide ice sheet and its diversion to the east also allowed Caribbean air to penetrate deeply into the interior of North America ( )Ž . Fig. 15 . The striking climatic oscillations in Europe during the deglacial period thus contrasted strongly with the more uniform and temperate conditions of interior North America east of the Rocky Mountains and west of the Great Lakes.
Future research directions
Multiple proxy studies
The regional variations in evidence for the YD event as summarized above suggest the different expression of the YD in paleoecological records, depending on geographic location and character of a particular site. In some regions, the YD event may Ž not be expressed as a cold interval see Roberts et al., 1993; Kneller and Peteet, 1999 . Some proxies may be silent due to their insensitivity to climatic change at the critical time, for example, insensitive response of non-ecotonal vegetation Ž . Shane, 1987; Wright, 1989 . Stable isotopes appear Ž to be very sensitive to climatic change Wright, . 1984; Ammann, 2000 . Thus, more investigations are needed on stable-isotope analysis of carbonates from central North America. In circumstances where bulk sedimentary carbonates are not reliable for paleoclimatic research, carbonate shells of molluscs and Ž ostracodes may be used e.g., Lister, 1988; von Grafenstein et al., 1992 von Grafenstein et al., , 1998 von Grafenstein et al., , 1999 Yu and Eicher, . 1998 . At some lakes carbonates may be totally lacking, and in these cases, cellulose of aquatic macrophytes or hydrogen isotopes of individual Ž biomarkers may provide an alternative Krishna-. murthy et al., 1995; Sauer et al., 1999 .
The use of multiple proxy records has the potential to add significant detail to the nature of climatic change. The multiproxy records from the eastern Great Lakes region may correlate with records from the Atlantic Seaboard but may imply climatic changes of a different nature, such as changes in seasonality and balance of thermal and moisture conditions, rather than simply temperature and precipitation. It is essential to have multiple proxy data to investigate many different aspects of the YD and other climatic oscillations. The apparent contrast in late-glacial climates between central North America and the Atlantic region could also be tested using multiple proxy data, especially if proxy records are able to reveal climatic information concerning extremes or seasonality rather than usual average climates.
Site characteristics and selection strategy
Because complicated factors may be responsible for a paleoecological signal from large lakes, such as the Great Lakes, small lake sites seem to be more suitable for detecting late-glacial climatic changes. The clear evidence from Crawford Lake and other small sites in the eastern Great Lakes region implies that the site characteristics are important in providing suitable isotopic records. Sites in climatically sensitive ecotonal regions are especially suitable for paleoclimatic studies. High sampling resolution is required for detecting brief century-scale events.
In humid temperate regions, oxygen isotopes can be used as indicator of air temperatures, but in semi-arid and arid regions they may reflect climate indirectly through evaporation. Thus, non-climatic noises, such as from local hydrological change, should be considered in a paleoclimatic investigation. Otherwise, strong noise from local hydrological effects may obscure the climatic signals from stable isotopes.
Summary
Ž .
1 In the Great Lakes region paleoclimatic interpretation of oxygen-isotope records from several small lakes indicates a classic climatic sequence during the last deglaciation that is comparable with records from Europe and Greenland. Some of these climatic oscillations, especially the YD cold reversal, have also been recorded in upland and aquatic vegetation and glacier readvances.
Ž .
2 Along the Rocky Mountains, the YD event is recorded by alpine glacier advance at sites from Alberta to Colorado and by shift in timberline vegetation in Colorado.
Ž . 3 In the interior region between the Rocky Mountains and the Great Lakes, evidence for these climatic oscillations are generally lacking. However, in the southern High Plains dry and warm climatic conditions as indicated by eolian activity appeared to coincide with the YD interval. 
4 The regional variations in climatic evidence suggest that climatic oscillations may have different expression in paleo-records, depending on geographic location and characteristics of a particular site. Small lakes with limited local hydrological complications in climatically sensitive ecotonal regions are ideal for paleoclimatic investigation. The use of multiple proxy records has the potential to reveal the nature of climatic change, such as change in seasonality and extremes.
Ž . 5 The geographic extent and magnitude of the deglacial climatic oscillations across North America suggest that they are an expression of widespread climatic changes rather than locally induced events. Together with simulation results from general circulation models, the compiled evidence suggests that climatic signals were likely carried over the North Hemisphere through the atmosphere, producing ei-Ž . ther upwind the Great Lakes region or downwind Ž . effects the Rocky Mountains .
Ž . 6 The lack of evidence for a cold YD and other climatic oscillations in interior North America east of the Rocky Mountains and west of the Great Lakes was probably caused by the trapping of cold arctic air mass north of the Laurentide ice sheet and by uninterrupted northward penetration of warm Caribbean air. This strongly contrasted climate also produced more temperate conditions and non-analogous biological assemblages in this region.
